Background In de novo human atherosclerosis, compensatory vessel enlargement limits the effect of intimal plaque formation on lumen narrowing. We hypothesized that arterial remodeling may also play an important role in determining the chronic lumen size after angioplasty and tested this hypothesis using the hypercholesterolemic rabbit iliac artery angioplasty model.
Background In de novo human atherosclerosis, compensatory vessel enlargement limits the effect of intimal plaque formation on lumen narrowing. We hypothesized that arterial remodeling may also play an important role in determining the chronic lumen size after angioplasty and tested this hypothesis using the hypercholesterolemic rabbit iliac artery angioplasty model.
Methods and Results Morphometric analysis of histological cross-sectional areas of vessels from animals killed immediately after angioplasty (acute group, n=11) were compared with the same areas from animals killed 4 weeks after the procedure (chronic group, n=37), when restenosis occurs in this model. The area circumscribed by the internal elastic lamina (IEL) increased by 20% from acute to 4 week follow-up after angioplasty (acute group, 2.36±0.45 mm2; chronic group, 2.84±0.89 mm2). Over the same time period, intimal area increased by 0.82 mm2. Despite this increase in intimal area, lumen area decreased by only 0.34 mm2 because of the compensatory enlargement of the IEL area. In the chronic group, polynomial regression analysis revealed a quadratic relation between intimal area and lumen area (R2=.35, P<.001). A lumen area of 0.45 mm2 (the nadir of the quadratic relation) was used to divide the chronic group into two subgroups: restenotic (n=21; lumen area, <0.45 mm2) and nonrestenotic (n=16; lumen area, >0.45 mm2). By definition, there was a significant difference in lumen area between the two subgroups (0.15+0.15 mm2 for restenotic; 0.73±0.18 mm2 for nonrestenotic). Surprisingly, the intimal areas in the two subgroups were virtually identical (2.41+0.92 mm2 for restenotic, 2.49±0.69 mm2 for nonrestenotic, P=NS). The difference in the lumen area between restenotic and nonrestenotic vessels was a result of the significantly greater IEL area in the nonrestenotic subgroup (3.22±0.83 mm2 for nonrestenotic, 2.56±0.84 mm2 for restenotic, P<.05). In both restenotic and nonrestenotic vessels, the IEL area increased with increases in intimal area. In the restenotic arteries, the slope of this correlation was <1, showing inadequate compensatory enlargement for the intimal plaque. In the nonrestenotic vessels, the slope was > '22 We hypothesized that compensatory enlargement occurs after angioplasty and that restenosis is not merely a process of intimal formation in response to balloon injury but also a process of vascular remodeling in response to balloon injury and intimal formation. The purpose of the present study was to examine this hypothesis in the atherosclerotic rabbit iliac artery angioplasty model. 
Induction of Atherosclerosis
Bilateral iliac atherosclerosis was induced as in previous studies in this model.23 26 Animals were anesthetized with ketamine (35 mg/kg IM) and xylazine (5 mg/kg IM). Under sterile technique, the distal femoral arteries were surgically exposed, and an arteriotomy was performed. A 3F Fogarty catheter was inserted 20 cm retrogradely. The balloon was inflated to just contact the arterial wall and was then pulled back. This process was repeated three times in each iliac artery. The distal femoral arteries were then ligated, and the wound was closed. All rabbits received penicillin (150 000 U IM) and were placed on a diet consisting of rabbit chow supplemented with 1.5% cholesterol and 7% peanut oil.
Lesion Documentation and Angioplasty
Six weeks after atherosclerosis was induced, the rabbits were anesthetized as described above. Supplemental intravenous pentobarbital was used as required. The right carotid artery was surgically exposed, and an arteriotomy was performed. A 4F Swan-Ganz catheter (American Edwards) was advanced under fluoroscopic guidance to a position 1 to 2 cm above the aortic bifurcation. Meglumine diatrizoate was injected by hand at a rate of 1 mL/s for 3 seconds. Cineangiographic images were obtained at a rate of 30 frames per second with a single-plane Philips 6-inch (15.2-cm) image intensifier (North American Philips Corp) with a resolution of 3.8 line pairs per millimeter. A 1-cm grid was placed over the pelvis to allow correction for magnification. Angioplasty was performed if a 50% to 99% iliac stenosis was present, as estimated from a still-frame video image.
For the angioplasty procedure, the mid femoral artery was surgically exposed, and an arteriotomy was performed. A 2.5 -mm Gruntzig intraoperative transluminal angioplasty catheter (C.R. Bard) was inserted retrogradely until the balloon was across the site of the greatest iliac artery stenosis. Three 30-second inflations at 5 atm were performed. The result was documented by cineangiography with the SwanGanz catheter, with care taken to position the image intensifier at the same height. The catheters were then removed, the arteries were ligated, and penicillin 150 000 U IM was administered. Successful angioplasty was defined as a >20% decrease in percent diameter stenosis.
Immediately after angioplasty, 11 rabbits (the acute group, 11 vessels) were killed with an overdose of pentobarbital. The iliac arteries were perfused with 10% buffered formalin at 80 mm Hg for 15 minutes via a cannula placed in the aorta. The aorta and iliac arteries were then removed and placed in 10% buffered formalin. Thirty-four rabbits (the chronic group, 40 dilated vessels) were allowed to recover and were maintained on the 1.5% cholesterol diet for 4 weeks, when a final angiogram was performed as described above. After the rabbits were killed, the arteries were perfusion fixed in the same manner as the acute group, then removed and placed in 10% buffered formalin.
Tissue Preparation
After review of the angiograms to guide sampling, a 1-cm segment of the artery including the lesions was cut into 10 cross-sectional segments and embedded in paraffin. Fivemicrometer sections were removed from the top of the block and at two additional points 300 and 600 gm deeper into the block from the first section. Samples were stained with Van Gieson elastin, and additional sections were reserved for other staining. Since sections from three locations within each block were processed, each lesion was effectively sampled at 30 sites with an interval <0.4 mm.
Angiographic Analysis
Cineangiograms were reviewed on a Vanguard projector (Vanguard Instrument Corp) independently by two experienced investigators. Reference and luminal diameters were measured with hand-held digital calipers (Brown and Sharpe Manufacturing) to determine the most stenotic portion of the iliac artery before and immediately after the angioplasty procedure in both the acute group and the chronic group and additionally at 4-week follow up in the chronic group. True diameters were calculated by correcting for magnification with the use of a 1-cm grid.
To assess the relation between angiographic and histological lumen areas in the chronic group, angiographic lumen area was calculated by the formula wr(MLD/2)2, where MLD is minimal angiographic lumen diameter.
Morphometric Analysis
The imaging system consisted of a Olympus microscope (model BH-2) with a solid-state CCD videocamera (Javelin Electronics) mounted on the eyepiece tube. The video signal underwent eight-bit digitization by a video frame grabber (PCVISION Plus, Imaging Technology) in a IBM-compatible computer with a resolution of 640 (horizontal) by 480 (vertical) pixels. A x 2 objective and a x 1 television relay lens were used for all measurements of the images displayed on a highresolution monitor (Trinitron, Sony), resulting in a pixel size of 45.6 ,gm2.
All sections were examined by two investigators blinded to the angiographic results. Digital planimetry of tissue sections was performed with a computer-assisted morphometric program (OPTIMAS, Bioscan Inc). The areas within the lumen and the areas circumscribed by the internal elastic lamina (IEL area) and the external elastic lamina (EEL area) were measured directly. The areas of the media and intima were calculated by subtraction: medial area equals EEL area minus IEL area; intimal area equals IEL area minus lumen area. In all lesions, the single 1 of 30 sections that demonstrated the smallest lumen area was selected for further analysis. This system provides both intraobserver and interobserver variability of <0.5% (unpublished data).
Statistical Analysis
All values are expressed as mean+SD. A paired t test was used to detect differences between angiographic minimal lumen diameter immediately after angioplasty and at 4-week follow-up in the chronic group. The statistical significance of differences between acute and chronic groups and between the two subgroups in the chronic group was determined with a nonpaired Student's t test. The F test was performed for equality of variances. If the F test results were significant, the t test for unequal variances with adjusted degrees of freedom was used. Linear regression analysis was used to evaluate the relation between angiographic lumen area and histological lumen area as well as the relation between variables in the chronic group. Polynominal regression analysis was performed to assess the relation between intimal area and lumen area in the chronic group. A value of P<.05 was considered statistically significant.
The sample size of the chronic group was determined to give (Fig 2, r=. 
59, P<.001).
To further assess the relation between lumen area and intimal area, we divided the chronic group into two subgroups based on the lumen area at the minimum point of the quadratic equation generated by the polynomial regression model (Fig 2) . The between the two subgroups and no difference in body weight at follow-up.
Discussion
This study provides evidence that compensatory enlargement of rabbit atherosclerotic iliac arteries occurs after angioplasty. The magnitude of the effect of vascular remodeling on late outcome after angioplasty is shown in Fig 4. For simplicity, only the intimal area and IEL area are considered; similar results are obtained with intimal plus medial area and EEL area. In this model, the IEL area increased by 20% during 4-week follow-up, such that lumen area decreased by only 0.34 mm2 (46%) despite a 0.82-mm2 increase in intimal area (Fig 4A) . If the IEL area had increased by only 10% instead of the observed 20%, with the same increase in intimal area, lumen area would have been reduced by 0.58 mm2, or 78% (Fig 4B) . If (Table 3 ). There was no significant difference in intimal area between these two subgroups. The marked difference in lumen area was due to significantly greater IEL and EEL areas in the nonrestenotic subgroup.
To the best of our knowledge, this is the first serial histological study to examine the effects of arterial remodeling after angioplasty. Preliminary data from Post et al27, 28 show that in normal rabbit femoral and atherosclerotic Yucatan micropig iliac arteries, intimal thickening after balloon injury accounted for only 27% to 47% of the late loss in angiographic lumen diameter. In this model, lesions are generally concentric. However, after balloon injury, as in human coronary arteries, disruption of the intima and media are common, and disruption of the adventitia can occur. 24 This vascular injury may allow enlargement of a segment of the arterial wall. In addition, the cellular response associated with the healing response to balloon injury may result in the release of proteolytic enzymes from inflammatory cells and initiate the remodeling process. Thus, either of the potential mechanisms described for remodeling in de novo atherosclerosis may be operative after balloon injury.
There is increasing evidence that vascular remodeling occurs after angioplasty in humans. A preliminary intracoronary ultrasound study of 20 patients by Kovach et a139 suggested that intimal formation accounted for only 32% of late lumen loss and that "chronic recoil" with a mean 7.5% decrease in total vessel area (corresponding to EEL area) was more important. These findings were confirmed by the same authors in a larger series of patients in whom arterial remodeling accounted for 60% of late lumen loss. 40 Our data suggest that since some degree of intimal formation occurs in response to balloon injury, failure of the artery to enlarge adequately after angioplasty is sufficient to produce restenosis. The phenomena of "late recoil" and "geometric remodeling" described by Kovach39 
